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1 A.K.S. and M.K. contributed equally to this manuscThere exist three highly-conserved structural maintenance of chromosomes (Smc) complexes that
ensure genome stability during eukaryotic cell division. There are the well-characterized cohesin
and condensin complexes and the third Smc complex, Smc5/6. Nse2/Mms21, a SUMO ligase, is a com-
ponent of the Smc5/6 complex and recent data have indicated that Nse1 may function as a ubiquitin
ligase. Smc5/6 regulates sister chromatid cohesion, homologous recombination and chromatin
structure and conformation. This review examines the functions of Smc5/6 in DNA repair and the
maintenance of genomic integrity and explores the roles of the associated SUMO and ubiquitin
ligases. Recent ﬁndings have indicated that Smc5/6 may play a topological role in chromosome
dynamics, which may help understand the complexity of its activities.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Composition of the Smc5/6 complex
Members of the evolutionarily-conserved structural mainte-
nance of chromosomes (Smc) protein family are required for sister
chromatid cohesion, mitotic chromosome condensation and DNA
repair (reviewed in [1]). They share a characteristic structure, with
two globular head domains at the N- and C-termini containing ATP
binding and hydrolysis motifs, the so-called Walker A and B boxes,
respectively. These two domains are linked by two long a-helical
arms separated by a hinge motif. Flexibility of the hinge domain al-
lows the arms to fold back on each other and to form a rod-like
coiled-coil structure. This particular conformation of the Smc pro-
teins is established by hydrophobic interactions between the heli-
cal regions of the Smc arms. The eukaryotic Smc protein group
comprises Smc1 through Smc6, whereas only a single gene is found
in bacterial cells (reviewed in [2]). Depending on the organism,
Smc proteins form homo- or heterodimers through a similar mech-
anism, involving hinge–hinge interactions. These dimers serve as
the scaffold for higher molecular weight complexes (reviewed in
[3]). A fully-functional Smc complex requires the interaction of
the Smc dimer with a number of non-Smc-elements. One of them,
the kleisin protein, contains a conserved helix-turn-helix motifcal Societies. Published by Elsevier
. Morrison).
ript.which binds to the globular heads and forms a bridge between
the two Smc proteins in the complex [4]. Other elements interact
with the Smc heads, arms or hinges, regulating their activity
through mechanisms which are not yet fully understood for all
Smc complexes. Three Smc complexes have been described in
eukaryotes: Smc1/3 (cohesin), Smc2/4 (condensin) and the as-yet
unnamed Smc5/6 complex.
The Smc5/6 complex was initially identiﬁed in ﬁssion yeast,
with a mutant of the Smc6 ortholog, rad18, allowing the ﬁrst
description of the complex [5–7]. Smc5 and Smc6 have since been
described in number of other eukaryotes, including Saccharomyces
cerevisiae, Xenopus laevis, Arabidopsis thaliana and human [8–11].
The Smc5/6 heterodimer associates with between four and six
non-Smc elements designated Nse1–Nse6 [10,12–16]. The heads
of the Smc5/6 heterodimer are brought together by the kleisin ele-
ment Nse4 (initially described as Rad62) [13,17]. A further two
components, Nse5 and Nse6, have been described to date only in
yeast [15,16,18]. No conserved domains have been described in
the primary sequence of Nse5. However, Nse6 contains ARM/HEAT
repeats, which have also been identiﬁed in Scc2, a protein essential
for cohesin association with chromatin [15,17]. This suggests that
Nse6 might regulate Smc5/6 complex interactions with DNA.
A special feature of Smc5/6 lies in its carrying both SUMO and
ubiquitin ligase activities. Primary sequence analysis of Nse1 and
Nse2 indicated zinc ﬁnger structures that suggested their being E3
factors involved in the conjugation of target proteins to ubiquitinB.V. Open access under CC BY-NC-ND license.
Fig. 1. Architecture of yeast Smc5/6 complexes. Cartoon shows the association of
the subunits of the Smc5/6 complex in budding and ﬁssion yeast. The arrangement
illustrated for S. cerevisiae was based on yeast two-hybrid analysis [33], whilst that
for S. pombe was based on analysis of recombinant protein interactions in vitro
[24,31]. Note that no Nse4–Smc6 interaction was observed in one of the S. pombe
studies [24].
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common to ubiquitin E3 ligases, and Nse2 a Miz1/Siz1/PIAS/ARIP3
domain found in SUMO E3 ligases [12]. In vitro experiments did
not demonstrate a ubiquitin E3 ligase activity for puriﬁed human
or ﬁssion yeast Nse1 [19]. However, when the Nse3 subunit was
added to Nse1 in the presence of an E2 ubiquitin-conjugating en-
zyme, a robust in vitro ubiquitin ligase activity was seen [20]. Nse3
is a melanoma-associated antigen gene (MAGE)-like protein and is
also known as MAGE-G1 [21]. The functions of these family mem-
bers are notwell understood, but theMAGE proteins are speciﬁcally
expressed in certain cancers and are involved in the regulation of
gene transcriptionandapoptosis (reviewed in [22]). The recentdem-
onstration that a general feature of MAGE family proteins is their
ability to bind to and enhance theubiquitin ligase activity of E3RING
ligases [20] suggests amechanismbywhich theymay be involved in
the control of proliferation. The RINGﬁnger of Nse1was required for
robust DNA repair and for the assembly of subcomponents of the
Smc5/6 complex, leading to the suggestion that this domain acts as
a protein interaction motif [19,23]. Nse2 has been conﬁrmed as a
SUMO ligase, as will be discussed in more detail below [24,25].
Although little is known yet about the substrates or activities of
Nse1, the incorporation of both SUMOand ubiquitin ligase activities
into an Smc complex provides several possibilities for how Smc5/6
may work.2. Assembly of the Smc5/6 complex
Taking cohesin as an example of how the size and symmetry of
Smc complexes ﬁt them for controlling the dynamics of sister chro-
matid interactions, current models indicate that a tripartite ring is
formed by the arms of Smc1/3 and closed by ATP binding and the
association of the kleisin Scc1/Mcd1/Rad21 (hereafter Scc1) with
the head regions of Smc1/3. The dimensions of the cohesin ring
are sufﬁcient to enclose the paired sister chromatids (reviewed in
[26,27]). The regulated destruction of Scc1 causes the opening of
the ring and the release of sister chromatid cohesion. Despite the
similarity of the other Smc complexes to cohesin, several different
conﬁgurations have been proposed for how they act in cells, with
higher-order Smc complex associations potentially regulating
chromosome structures [28].
Biochemical and yeast-two-hybrid analyses of the components
of the yeast Smc5/6 complex allow the proposal of several models
for the interactions between the different subunits. Three subcom-
plexes have been described in yeast: Smc5, Smc6 and Nse2 form
one subcomplex, with Nse2 bound to the coiled-coil region of
Smc5; Nse1, Nse3 and Nse4 form a second complex, and Nse5
and Nse6 form a third subcomplex [15,21,29,30]. As diagrammed
in Fig. 1, in ﬁssion yeast, the Nse1–Nse3–Nse4 heterotrimer and
the Nse5–6 heterodimer interact with the heads of Smc5 and
Smc6 [15,17]. On the other hand, in budding yeast, two-hybrid
analysis has indicated that the Nse1–Nse3–Nse4 subcomplex asso-
ciates with only the Smc5 head, while Nse5–Nse6 bind to the
Smc5/6 hinge domains [30]. Interestingly, gel ﬁltration analysis
of the human Smc5/6 complex has suggested that there exists an
Smc5–Nse2-containing subcomplex during mitosis that lacks
Smc6 [31], although a previous study found evidence only for
Nse1 and Nse3 being outside the main human complex, albeit in
asynchronous cells [32].
It is intriguing that the ubiquitin ligase subcomplex containing
Nse1–Nse3 is associated with the ATPase head domain, whilst the
SUMO ligase associates with the Smc5 arm. Although no data exist
regarding the functional impact of these different molecular loca-
tions, the kleisin interaction with the ubiquitin ligase prompts
the speculation that the ubiquitin ligase is controlled by formation
of the full complex, whilst the SUMO ligase may also act indepen-dently of an Smc5/6 ring. The observation of a mitotic Smc5–Nse2-
containing subcomplex [31] supports the notion of there being dis-
crete Smc5/6 complex activities associated with the ubiquitin li-
gase or SUMO ligase functions.
3. Speciﬁc roles of the Nse2 SUMO ligase
Nse2 was originally described as MMS21, from a screen in S.
cerevisiae for mutants sensitive to MMS [33] and was later shown
to be a part of a large complex involved in DNA repair, Smc5/6 [16].
Sequence analysis places Nse2 in the Siz/PIAS (SP) family of E3
SUMO ligases, as it contains the characteristic catalytic SP-RING
domain at its C-terminus [16,24,25]. SP family ligases contain an
SAR, Acinus and PIAS (SAP) motif that is required for DNA binding
(reviewed in [34]). Even though Nse2 lacks the SAP sequence, it is
still targeted to chromatin through its interaction with the Smc5/6
complex [35]. Experiments in yeast and human cells have demon-
strated that Nse2 is indeed an E3 SUMO ligase that is required for
efﬁcient DNA repair [16,24,25].
All members of the Smc5/6 complex are required for viability in
S. cerevisiae [16], and all but Nse5 and Nse6 are essential in Schizo-
saccharomyces pombe [15]. However, Smc5-deﬁcient chicken DT40
cells are viable [36], and only moderate cell cycle delay has been
described, with no reports of extensive cell death, upon RNAi
depletion of Smc5/6 complex members in human tissue culture
cells [25,31,32,37]. Nse2 is necessary for normal cell cycle progres-
sion in Arabidopsis, where Nse2 mutation results in abnormal root
development [38]. There are therefore signiﬁcant interspecies dif-
ferences in the requirement for Smc5/6 in cell proliferation.
Despite the requirement for Nse2 protein for cell viability in
yeast, its SUMO ligase activity is not essential [12,16,24]. While
not lethal, inactivating mutations of the Nse2 SP-RING in budding
and ﬁssion yeast (nse2-SA, mms21-11, mms21-CH, mms21Dsl,
mms21-H202A, mms21-C221A) and siRNA depletion of Nse2 in hu-
man cells, result in hypersensitivity towards different types of DNA
damage, including hydroxyurea (HU), ionizing radiation (IR),
methyl methanesulfonate (MMS) and ultraviolet (UV) light
[12,14,16,24,25,39]. These mutants, apart from their slow growth
after exposure to DNA damage, also exhibit elevated levels of chro-
mosome mis-segregation, indicating a role for SUMOylation in the
efﬁcient repair of DNA breaks. A general inability to deal with DNA
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recent data from budding yeast, where constitutive activation of
a Rad53-mediated cell cycle checkpoint was observed inmms21Dsl
mutants [39]. Analysis of DNA damage-induced recombination
intermediates in yeast revealed that the SUMO ligase activity of
Nse2 is required for the efﬁcient removal of X-shaped DNA mole-
cules formed at stalled replication forks and telomeres, suggesting
that the SUMOmodiﬁcation of as-yet unknown targets plays a cru-
cial role in resolution of these structures [40,41].
A key question in understanding how Nse2 is involved in con-
trolling genome stability is its substrates. The list of SUMO ligase
substrates for Nse2 identiﬁed to date includes budding yeast
Ku70 and Smc5 [16], ﬁssion yeast Nse3, Nse4 and Smc6 [19,24]
and the human Rap1, SA2, Scc1, Smc6, Tin2, TRAX, Trf1 and Trf2
proteins [25,37,42]. In addition, as shown by in vitro and in vivo as-
says, yeast and human Nse2 can SUMOylate itself [16,24,25]. In ﬁs-
sion yeast, Nse2-dependent SUMOylation of Smc6 is required for
efﬁcient DNA repair [24]. Analysis of HeLa cells depleted of Nse2
by RNAi has shown that Nse2 is required for the cohesin recruit-
ment to I-SceI induced DSBs that was described in this model
[37]. In vitro Nse2-dependent SUMOylation of the cohesin sub-
units, Scc1 and SA2, was also described in this study, suggesting
the possibility that Nse2 regulates cohesin subunits by SUMOylat-
ing them [37]. SUMOylation of telomere-protecting proteins is nec-
essary for the maintenance of telomere length in human cells [42].
This is consistent with experiments in budding yeast where the
loss of Nse2 results in telomere shortening, suggesting that a role
of Nse2 in the maintenance of telomere length is evolutionarily
conserved [16,40]. The breadth of these SUMOylation targets in-
volves Nse2 and thus, the Smc5/6 complex, in a wide range of gen-
ome maintenance activities, as discussed below.
4. Smc5/6 complex in homologous recombination
Mutations of genes that encode components of the Smc5/6
complex result in severe mitotic aberrations and defective repair
of IR-, MMS- and UV-induced DNA damage in yeast, chicken, Ara-
bidopsis and human cells [5,9,12,14,25,32,36,37,43,44]. The Smc5/
6 complex is an established component of the cellular response
to DNA double-strand breaks (DSBs), a particularly hazardous form
of DNA damage (reviewed by Jackson and Bartek [45]), although it
appears to play different roles at various stages in this response.
Two complementary and overlapping pathways of DNA repair
are the principal mechanisms by which eukaryotes deal with
DSBs-non-homologous end joining (NHEJ) and homologous recom-
bination (HR) [46].
Epistasis analysis of the Smc5/6 complex has placed it in the
homologous recombinational branch of DSB repair. In ﬁssion yeast,
smc6-X mutants in which rhp51Rad51 is mutated are no more sensi-
tive to IR than rhp51Rad51 single mutants [5]. Similar observations
of epistasis between Smc5/6 complex genes and HR repair have
been made in budding yeast and chicken cells, conﬁrming an evo-
lutionarily conserved HR function for Smc5/6 [36,43]. siRNA-med-
iated depletion of Smc5 and Nse2 in human cells resulted in
increased break-induced recombination and reduced sister chro-
matid exchange (SCE) [37]. However, analysis of Smc5-null chicken
DT40 cells revealed increased SCE levels and reduced break-in-
duced recombination, suggesting that differences may exist be-
tween the functions of the Smc5/6 complex in various systems
[36]. Sister chromatid recombination between two leu2 repeats lo-
cated on a single copy plasmid was reduced compared to wild-type
cells in S. cerevisiae Smc5/6 complex mutants [47]. Dysregulated
HR is seen in the absence of functional Smc5/6 complex, resulting
in more frequent gross chromosomal rearrangements [47,48]. Ele-
vated telomere marker loss and elevated chromosome instabilitywere observed in budding yeast carrying the SUMO ligase-deleted
mms21Dsl allele [39], indicating that these functions of the com-
plex involve its enzymatic activities, as well as its integrity.
The Smc5/6 complex is recruited to DSBs in yeast and human
cells in an MRN-dependent manner and is required for efﬁcient sis-
ter chromatid recombination at the break [35,37,47]. Certain early
events in the HR process, such as recruitment of the Rad51 protein
to DNA damage, are not impeded by the absence of Smc5/6 com-
plex [36,47,49]. Moreover, the analysis of recombination interme-
diates in yeast by two-dimensional gel electrophoresis reveals that
in the absence of the Smc5/6 complex, cells exposed to DNA dam-
age accumulate X-shaped DNA molecules, suggesting that Smc5/6
is required for the efﬁcient resolution of HR intermediates [41,50–
52]. However, a recent paper has also implicated Smc5/6 in an ear-
lier phase of HR, in the initial establishment of recombination-
capable, RPA- and Rad52-bound chromatin [53]. Together, these
results indicate that the Smc5/6 complex is involved in late stages
of HR repair, but potentially, also in earlier phases of the process.
Yeast Smc5/6 mutants are also sensitive to UV light [5,15]. Epis-
tasis analysis of the smc6-X mutant in S. pombe revealed that it is
required for efﬁcient excision of UV-induced photoproducts
through a nucleotide excision repair (NER)-independent mecha-
nism [5]. This mechanism involves HR because deletion of
Rhp51Rad51 in nse6D or nse2-1 mutants results in a sensitivity to
UV light similar to that observed in rhp51D mutants, whereas
either single mutant is more sensitive than rhp51D [15]. This indi-
cates that the activities of Rhp51Rad51 in response to UV and HU are
lethal when the Smc5/6 complex is not functional. Interestingly,
recent in vitro analysis of the budding yeast Smc5 protein revealed
its preferential binding to single-stranded, rather than double-
stranded DNA, suggesting that Smc5/6 may act in DNA repair in
a manner distinct from the other SMC complexes [54]. However,
this study focussed on only the Smc5 protein, which may behave
differently when bound to its Smc6 partner and Nse subunits in
vivo.
5. Smc5/6 in establishing recombination-capable structures at
stalled forks
Potential mechanisms for how Smc5/6 is involved in HR at DSBs
have been based on the analysis of how the complex acts in pro-
cessing replication-associated recombination. The replication
machinery stops when it encounters DNA lesions and if not re-
started, a replication fork will eventually collapse. To continue
DNA replication, the collapsed forks must be restarted. The
Smc5/6 complex is required for efﬁcient replication fork restart
in yeast, as hypomorphic alleles of multiple components of the
Smc5/6 complex showmarked sensitivity to inhibitors of DNA syn-
thesis, such as HU and MMS [6,14,15,41,50,52]. Moreover, the bud-
ding yeast Smc5/6 complex is found at collapsed replication forks
[35].
In yeast cells, when the function of Smc5/6 complex is compro-
mised, HU and MMS treatment induce the accumulation of chro-
mosome linkages (X-shaped molecules) and lead to lethal
mitosis, due to failure in chromosome separation [41,50–53,55].
That mitotic entry is still possible after DNA damage also indicates
a marked defect in checkpoint responses in the absence of Smc5/6
function [6]. The Smc5/6 complex is thus closely involved in the
resolution of DNA repair intermediates that are formed at stalled
or collapsed replication forks. Interestingly, the expression of
wild-type Smc6 in an smc6-9 background, even as late as in meta-
phase, restores the ability of this mutant to resolve branched DNA
molecules and prevents abnormal mitosis [52]. This clearly indi-
cates that the resolution step catalyzed by the Smc5/6 complex is
robust and very efﬁcient.
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stalled forks may involve the processing of a complex recombina-
tional structure comes from epistasis analysis in yeast. Deletion of
the MphI helicase rescues the sensitivity of ﬁssion yeast smc6-9 or
mms21-sp and budding yeast smc5-56, smc6-P4 andmms21-11mu-
tants to DNA damage [40,51,55]. MphI is a member of the FANCM
family of helicases, required for efﬁcient activation of the tumor
suppressor FA pathway. These helicases are able to work on differ-
ent DNA structures, such as stalled replication forks (for reversal
activity), Holiday junctions (branch migration activity) and D-
loops (reviewed in [56]). In addition, the budding yeast MphI
homolog interacts with Smc5/6 in vivo, although this interaction
is not required for efﬁcient DNA repair [40]. These data indicate
that in the absence of Smc5/6, MphI generates toxic DNA repair
intermediates, but the mechanism of MphI regulation by the
Smc5/6 complex is currently unknown. For example, Chen et al.
did not detect Nse2-dependent SUMOylation of MphI [55]. In addi-
tion, the HU hypersensitivity and accumulation of X-shaped DNA
molecules in ﬁssion yeast smc6-74 mutants can be rescued by
overexpression of the BRCT domain-containing Brc1 protein
[50,57]. Brc1 is required for efﬁcient DNA repair during S phase
[6]. Ampatzidou et al. proposed that in the absence of functional
Smc5/6 complex, accumulated HR intermediates can be repaired
through alternative Brc1-dependent mechanisms [50]. This is con-
sistent with Brc1 being essential for the viability of ﬁssion yeast
smc6 mutants [6]. Brc1 suppression of smc6-74 lethality requires
the Slx1/4 and Mus81/Eme1 nucleases [57]. Slx1–4 and Mus81/
Eme1 are members of the same family and can cleave different
types of DNA structures, such as stalled replication forks, 50 and
30 ﬂaps, nicked HJ and D-loops (reviewed in [58]). All these data
suggest that Smc5/6 is necessary for the establishment and main-
tenance of speciﬁc DNA repair intermediates during S phase. These
DNA structures can be processed by alternative DNA repair path-
ways, which become essential for cell survival when Smc5/6 func-
tion is compromised.
The lethality of Smc5/6 complex deﬁciency in yeast is consis-
tent with its being required for the completion of DNA synthesis.
Smc5/6 is enriched at repetitive DNA loci, such as rDNA arrays,
centromeres and telomeres [35,50,59]. Localization of the Smc5/6
at these loci may indicate that its activity is required at sites where
spontaneous replication fork collapse may occur, or where com-
plex recombinational structures are likely to arise upon the initia-
tion of repair of collapsed forks [60].
As mentioned previously, smc5/6mutants show increased levels
of X-shaped DNA, which are potentiated by DNA damage or inhibi-
tion of DNA replication. These structures are also observed at the
rDNA locus and can be rescued by the deletion of Rad52 in smc6-
9 and smc5-6 mutants [61]. In addition, the absence of functional
Smc5/6 complex results in defective segregation of tags inserted
at rDNA loci, suggesting problems with rDNA disjunction [61].
While DSBs within the rDNA loci induced by I-Sce-I or IR are ex-
cluded from the nucleolus in wild-type cells to promote their efﬁ-
cient repair, they are retained within nucleoli in smc6-9 and nse5-1
cells, as determined by the presence of Rad52 foci [62]. Although
the rad52-K43,44,253R mutation, which abrogates SUMOylation
of Rad52, causes a similar localization defect, Rad52 SUMOylation
is not dependent on Smc5/6 [62,63]. Thus, these data do not indi-
cate whether the SUMO ligase activity of the Smc5/6 complex on a
substrate other than Rad52, or a broader activity of the entire com-
plex, controls DSB relocalization and efﬁcient repair.
A second repetitive sequence that is regulated by the Smc5/6
complex is the telomere. The hypomorphic nse2-sp, smc5-6 and
smc6-9 alleles in ﬁssion yeast show an increased rate of telomere
length loss and elevated levels of X-shaped molecules at these
repetitive DNA sequences [40]. In human cells that employ the
alternative lengthening of telomeres (ALT) pathway for telomeremaintenance, telomere homeostasis is mediated through HR, with
recruitment of the telomeres to promyelocytic leukemia protein
(PML) bodies [64]. HR factors, such as Rad51, Rad52, BRCA1 and
BLM are also recruited to these nuclear compartments [65,66]. Efﬁ-
cient telomere recombination allowing ALT is inhibited by disrup-
tion of the Smc5/6 complex [42]. Recruitment of telomeres to PML
bodies requires the Smc5/6 complex and SUMOylation of the telo-
mere end-protection (shelterin) complex members, Trf1 and Trf2,
is necessary for their localization to PML bodies. Furthermore,
Nse2 stimulates the SUMOylation of several shelterin components
[42]. These observations have implicated Smc5/6-dependent
SUMOylation of shelterin subunits, likely through Nse2, in regulat-
ing ALT recombination. The budding yeast mms21-11 mutant,
which lacks the SP-RING domain of Nse2, shows defective organi-
zation of both the nucleolus and the telomere [16]. Analysis of the
mms21-sp mutant has indicated that the SUMO ligase activity of
Nse2 controls telomeric recombination to prevent rapid senes-
cence [40]. This mechanism of telomere regulation is unlikely to
mirror that seen in ALT cells, as yeast do not have PML bodies.
The regulation of HR at repetitive DNA sequences therefore may
require both the intact Smc5/6 complex and its associated SUMO
ligase activity, although these may be difﬁcult to disentangle
experimentally.6. Smc5/6 regulation of higher-order chromosome structure
Rather than playing a direct role in repair processes per se,
Smc5/6 may, by analogy to the other SMC complexes, regulate
higher-order chromosome structures to allow DNA repair and
recombination. As already mentioned, the Smc5/6 complex is re-
quired for the recruitment of telomeres to PML bodies, as well as
the relocation of DSBs induced at rDNA loci to outside the nucleoli
[42,62]. This may indicate a general activity of the Smc5/6 complex
in the localization of damaged DNA, which is closely regulated for
its efﬁcient repair [67,68].
Another function for the Smc5/6 complex lies in sister chroma-
tid cohesion. A marked loss of sister chromatid cohesion during
prometaphase was seen in HeLa cells depleted of NSE2 or SMC5
by siRNA [31], with a more modest, decrease in sister chromatid
proximity being observed in Smc5-deﬁcient chicken DT40 cells
[36]. The timing of Smc5/6 association and dissociation with the
chromosomes resembles that seen for cohesin. Association of the
S. cerevisiae and X. laevis Smc5/6 complexes with chromatin de-
pends on the progression of DNA replication [11,35]. Chromatin
immunoprecipitation followed by hybridisation of the DNA arrays
(ChIP-on-chip) in budding yeast revealed an intergenic and centro-
meric localization for the Smc5/6 complex, reminiscent of that of
cohesin [35]. During G1, Scc2 and Scc4 are responsible for loading
cohesin onto unreplicated dsDNA [69–71]. Smc5/6 recruitment to
DNA was signiﬁcantly reduced in scc2mutants, but did not require
Scc1, suggesting that the loading of Smc5/6 onto chromatin is con-
trolled in a similar manner to that of cohesin, but that it is not di-
rectly cohesin-dependent [35].
In budding yeast, DNA damage, even a single enzyme-induced
DSB, increases sister chromatid cohesion through increased cohe-
sin binding around the break [72–74]. Similarly, relocalization of
cohesin is required for effective DSB repair in human cells
[75,76]. A requirement of Smc5/6 for the recruitment of cohesin
to DSBs was described in RNAi experiments in HeLa cells [37],
but this requirement was not seen in either ﬁssion or budding
yeast [72,77]. However, DSB-induced genome-wide cohesion does
require functional Smc5/6 in budding yeast [72], even though DSB-
induced cohesion was not dependent on Smc5 in chicken knockout
cells [36]. Overall, these data, from various models, implicate
Smc5/6 in controlling sister chromatid cohesion, although the
Fig. 2. Activities of the Smc5/6 complex. Diagram summarizes the principal activities of Smc5/6 on a stylized chromosome that indicates both the replication-associated and
post-replicative functions of the complex. ‘Pol’, indicates the replicative polymerase and ‘CEN’, the centromere; the star represents a lesion on the chromosome that blocks
DNA replication.
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cohesin components by Nse2 is one possibility for how this might
be regulated.
Some exciting recent work has indicated new possibilities for
how Smc5/6 may work and the range of Smc5/6 activities is sum-
marized in Fig. 2. S. pombe smc6-74mutants with HU-induced DNA
damage undergo lethal, aberrant mitoses due to failure to remove
chromosome-associated cohesin [77]. Similarly, cohesin is retained
abnormally in smc6-74 mutants that carry a temperature-sensitive
mutation in the gene encoding DNA topoisomerase II, with the
authors concluding that this phenotype results from altered mito-
tic chromosome structure, rather than a DNA repair defect [77,78].
However, work in S. cerevisiae has indicated that the lethal, persis-
tent sister chromatid association is mediated by DNA linkages,
rather than cohesin [52]. Consistent with this observation, S. cere-
visiae smc6 and mms21 mutants have defects in the complete rep-
lication of longer chromosomes, due to the presence of interfering
DNA linkages between the sister chromatids that prevent the re-
lease of superhelical tension during replication [79]. This mecha-
nistic insight has offered a new paradigm for how Smc5/6 works,
namely in assisting chromosome-level rotation to unwind the
supercoiling ahead of the replication fork [79]. It is conceivable
that such alterations in chromosome topology could both control
cohesin association and help to manage replication-associated
recombination processes, defects in which activities are hallmarks
of Smc5/6 deﬁciency.7. Smc5/6: a big SUMO ligase or a cohesin-like ring?
Depletion of any of the components of the human Smc5/6 com-
plex, other than Nse2, destabilises the entire complex [32].
Although a moderate reduction in the levels of its interactor
Smc5 was seen after RNAi depletion of Nse2 in human cells
[31,32], no such reduction was apparent in SUMO ligase-defective
mms21-11 yeast [16], suggesting that the SUMO ligase activity of
Nse2 is dispensable for the integrity of Smc5 and therefore, the
Smc5/6 complex. These observations indicate that the Nse2 SUMO
ligase activity is, to some extent, redundant with other cellular E3
SUMO ligases such as yeast Siz1 and Siz2. Furthermore, the viabil-
ity of yeast cells that lack SUMO ligase activity provides ﬁrm evi-
dence that key activities of the Smc5/6 complex can be
performed without this function [12,14,16,24,25,39]. These SUMO
ligase-independent roles of Nse2 provide a strong argument in fa-
vor of the major role of the Smc5/6 complex in chromosome
dynamics being a structural activity based on its SMC architecture.
However, the DNA repair deﬁciencies seen in cells that lack the
SUMO ligase activity, but retain Nse2, demonstrate that the integ-
rity of the Smc5/6 complex is not sufﬁcient for its roles in the
maintenance of genome stability. An attractive idea is that there
may be both ubiquitin and SUMO ligase activities within a given
Smc5/6 complex, with the regulation of these activities determin-ing the functioning of the complex. The recent description of how
SUMOylation may target proteins for ubiquitination provides an
additional level of integrative signaling that may be allowed by
the inclusion of both activities in Smc5/6 (reviewed in [80]). Given
the different subcomplexes involved in the assembly of the Smc5/6
complex, such regulation may occur within the holocomplex, or
within different subassemblies.
Hazbun et al. identiﬁed two different potential Smc5/6 com-
plexes in S. cerevisiae [18], but this remains to be conﬁrmed. Re-
cently, two distinct Smc5/6 complexes, an interphase and a
mitotic one, have been described in HeLa cells [31]. These subcom-
plexes may be the result of Smc5/6 disassembly prior to mitosis. If
the Smc5/6 complex ‘opens’ at the hinge domains this could allow
the separation of the Nse2–Smc5 (SUMO ligase) and Smc6-contain-
ing (potential ubiquitin ligase) complexes that were described by
Behlke-Steinert et al. One possibility for the trigger that drives for-
mation of the subcomplexes is Nse2-dependent SUMOylation of
Smc5/6 components [16,24,25,59], although several members of
Smc5/6 are also ubiquitinated [32]. A second possibility is that
the kleisin association of Nse1 may link regulation of the Nse3
(MAGE-G1)–Nse1 ubiquitin ligase to the formation of an Smc5/6
ring structure. To date however, it is not known whether Smc5/6
even forms a ring, or a different higher-order structure. The inter-
play between the subcomponents of the Smc5/6 complex remains
to be deﬁned in detail, but genetic dissection of the Smc5/6 com-
plex may provide additional insight, by testing whether the sepa-
rable complexes have distinct cellular functions.
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